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ABSTRACT

‘rhe GRANDE exm+riment is a Ilniqlle “next-gener~tion” detector cnpnble of making sig-

nificant contributions to the fieldo of v md ~-ray ~trophysica as well as performing in~-
portant “conventl Gn~” high-energ~ physics investigations. The detector, which covers LWl

mrea of 250 m x 250 m, is haseci on the well provtin w~ter ~erenkov technique. [t will h~ve

excellrnt coverage for potential sources of v emission in the southern hemisphere and of
VIII? nn:i [II-II? sollrces in the no:thcrn hemisphere. For VHE and ?IHE showers, th~ low

threshold ( <10 TeV ) nnd complet~ cov?rnge for RII three showm comporwnts (elertronl~g-
netic, muonic, ar,d hadronic ), are uniqtle. ExccUent ~ng~L1ar resolution, < 1° for v’s IWrl

~.(!.3° for y-rmys, large acceptance, good enm~y resol~ltion, md wide enwgy senniti’ ity will

prrmit detailed studieo of the observed signals ●nnbling m qurmtltatlve confront ntlrmwith

theoretical predictions. The detector and S[)IIIPof its physics rnpnbilities will b? descril)~(l.
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There has heen great excitement recently in the ficlcl of high-energy astrophysic~ At
both VHE (100 CieV-10 TeV) and [THE ( 100 TeV-10 PeV) energies, ?-rays have been

observed fronl sever~] ~ollrces including C’ygnus ,K-3 and, Illost recently, Ht=rcu]es X-1 ~1]

In ~nrtic(dar, the detection of Herc(Iies X- 1 ~)rovides the Iuost compelling evidence to

(late for :he existence nf so(mces as well as of new particle physics at [THE energie~; the

source was detected independently hv three groups and an anomalously large nul~~her of

ll~uons accol~lprmy the air showers detected from the source, It seems that x-ray binarv

s(~uces provide a unique environnlent for the acceleration of particles to extrelnelv high

energies, Yet, there remains several unsolved questions about these sources, including

?-my production at the source and Its interaction in the atmosphere. The acceleration

nlechnnism at the source i~ unknown, although it is sprnculated that the x-ray binary

~ccelerates hw-irons which interact with a “beam-clump” to produce neutral pic)lls which

t hen decay into photons. Perhaps the only truly convincing ●kidence of this process wc~uld

he the detection of the high ●nergy u’s which must i=accompany tha photons if they are

produced in this way. (’correlated observations of both v’s and y-rnys fron’ the same or

siniilar sources would also aid in understanding the acceleration mechanism. The numl-wr

of muons in the air-showers from these sources, expected to be more than an order of

Inagnitucle less thnn in hd.ronic air-showers, seems to be comparable to that in hadronic

rtir-showers. Th~s implies the presence of new physics beyond the ~tand~id model of

particle physics. (’rudely spemking, the nnomnlous numb?r of n~uons could be due to

either t new inter ~ction of a known particle or an as-y? t-undetected new pnrticle. If it is

a new intel.~cticm of n known p~rticle, then, below solne threshold energy, that Interaction

must “turn-off” and the particle [Ilust interact normally; therefore, below the threshold
en?rgy the Inuon content of the air-showers should mppenr norlnal. Clonyersely, if it is

n new particle, the muon content should remnin abnormml at low energies. Furth?r, the

presence or ~bsence of a h~dronic core in the shower will lend an inlportant clue ~trnut the

particle physics responsible for the anolnrdoue muons Future solutions to these pilzzles

will r~quirc detectors with new and unique capabilities

The ii RANDE (Gnllllnn EL~y And N*utrino bEtectnr) facility is a dual p~lrl)nse

exp~rinwnt d~signed to help Jolvc smne of these puzzlm. It will semrch for both VHE-
[ I[{E ~.r~y And high.e~~rgy ~ ~otlrce~ ~n(+ 19 haa~d on the WPII devQ]op@d wn~,lr (“prenknv

technique. The conceptual design of the d~t~ctor is shnwn in Figure 1 It covws m ar~a

{~f2s0 Ill x 250 m and consists of two sen~i-inrlcpend~nt rfet?ctors: the ~-r~y tclescnp? Rnd

the v telmcnpe. The Air Shower Army (AS A) pI rt of th~ d?tector consists of two opticmlly

isolntcd plnnwr of upwind fmcing photomultiplirr tuba ( PM To) spnc~rf nn ~ ti Ill l~ttice,

the top plme to detect the ei~ctromngnetic nnd ll~drnnic rml~pon~nt~ of the ~ir shnw?r nn(l

the low~r plane to detect the Iliuonic cm]p,)nent. ‘rhe Nmtrino TclsacI~p~ (TNT) l]~rt !~f

the fnrility consists nf thrw (Inwnward-!ncing opticrdly is~)lntwl plnn~o of PMTs, with th~
smm~ Inttic@ spmcing, IId to rmcnnstrltrt thp (lir~rtion nli(l ●n@rgv of ~ll)wnrrl-going llllll~ns

il](l!lrml hy v’s h~low thw {l~t~ctt]r. A hri~[ d~scription nf the functitm MI(I l)~rlorlllnnc~ of
~~ch (l~t~ct(lr f(~llnws; lllm~ (I?tmils cm l)- f~]~ln(l In [2].

A~ lll~nti{mwl, the ASA is roIIIpo~Fd of tw(] l~y-rs of 1’M”!’~, th~ir t’llllctioll ~ll(wn
~ch~lllatir~llv III Figure :) ‘[’h- t,,)l) ]av~r of I~M’1’P,l~)c~t~rl I() III l~pl~~wthe sllrf~cp t,f tl)e

writer, RISOknown M t !IP “~h~~w~r cnlt)rilll~t-r” Inyer, s~rvm lwI) l)llrl)()~~s; it l)crlllil~ IIIP

(lrt~rlllinntl~ln of th~ (Iirerti(ln Rnd rll~rKy of”III- ~hfjw~r, nn{l the i(lentific~!ir~ll ~Jfhnrlr~jl!l

in 111- shf)w~r Each pnrtirl~ in tll~ sh~)w~r ttlnt *trikrs thp wst~r l~r,)fl~lc~m(“’~rellk,,v Iigllt
wllirh 1~(let~ct~d I)y I]IF PM’ I’s; th~ nll~(lll[)t {)1’( ‘~r~nk(~v Iighl l]ro(lllc~{[ (1-1)-lllln (Ill tl~-

l]nrtirle’~ en~rgy, lllns~, nlltl on the ( ‘C*r*llk~,vtllre~h(ll(l ‘1’IIP(’(~rrllkov e(l~llvnl~llt Pl)~rKy,
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3: Diffmmtial spectrum of detected wents assuming two hypothetical differential
spectral Indices,

or “visible ●mgy,” E,, of m pmrt icle is Mirwd as the energy nn ●lect rcm would need in
order to produce the SMTWalllount of light. With this definition, the following relatic, ns

hold:

E.= E for electrrms (hy defin.it ion)

F,. = E for gamma

E, * E - ’200 MeV for mm-m

E, >: E/2 for high- ene-gy hadrom ( z 10 GeV )

In ttw (J RANt)E coufigur~tim, mtmut 1 photoelectron is produced fnr every 12t3 MeV of

visible energy, in this winy, the energy d~pmitecl in the shower caloriilleter layer cm he

(let~rnlind,

since (;FI AFJDE in~~~lrm the tntml wtergy cnntmt of the shower, nnrl not just a SIIIRII

frnctirm of the number of chnrged pm! icles, it is mhle to upermte N a much low~r t lmesh-
I)IcI (Rbtmt ItJ ‘1’ev) thm CM crmvontionnl tir showw experiment. Figure 3 shows the

lliff~r~ntial llulnh~r of events d~t~rtd hy G R ANDF. for two hypothetical source ~pmtrn.

( ‘i~twly, (; RANDE will he quite sensitive t{) shi~wms extending t~) priumry eiiergieo me h)w

as 5 ‘rev
‘rlw dir~ct ion l~f t h~ showv is d-t wllinml fr(m t Iw t illlin~ pmtt ●n I)f t Iv (l~t wt ml

{’ermkov light, For ●XaIIIplP, the rw]l{itit]ll, (Idinwl M t h? n]~m c,f Ihe angulnr (liff~rwlc~

{Iistrihutinn, is f{nmd t~~tw nhollt (),~)”fur low wmgy ( -10 ‘rFv ) ?-rmy prllllmim ~~l~m~rv~(l

nt WR lmvPl, Wr wlllrcm ~~f~hnw~rm which r(mt~in nn mmnnloum nullihw of IIIIIImm, thp

I’M’[” hits in thp Inuon lny~r CRII WIW)tw IIsml tij Ilmke nn in(lq]~nrl~nt ~l~twllli[:nti~m IIf

thP mlr slu)w~r ,lir~cthm, thll~ illlproving thp nngulmr rmduti(m.

This l~rings IIp M intermting pl]ssihility ft)r ●xmlining ~ilrh wmc~s which h~s v~t t{)
tw ~tllrliml in ~l~tnil, Whpn m w~llrr~ which pr[]tl~lr~s threw ~;low~rs is lIiw 1111t IIP hlmiz~m,

(h? I(IWrnprgy nir ~h(~wmq will ni}t ppiwtrml~ tlw mtlllimph~r~ ttl r~nch the dm~ctnr. N-v
Prt IIPIPSS, t IIP II IUf)IIS I)rildilrml in t IIP mir llu~w~r will rwbrh th~ (l~twttlr nn(l CM lrlg~m
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Figure 4: The fraction of ev~nts with a

of proton prill~nry energy. AISO shown is

using th~ ~i[lli schellle describe(! 1 the

,.’lr.,

1* 1.,.1
{

. ..., . .

hadron r~mnining in the shower as a function
the identification probabititv for thow hadrons

text,

it. This technique ~hnuld allow more detector exposure to such low-energy showers and
thereby increaae the chance of detecting sources, especially those that burst or never pass

near zenith,
T“ ~ mrchanism of the annlnaloug Inuon production in air-showers is colnpletely un-

known. An ilnportant clue to this lnechenism would be the existence or absence of Mso-
ciated ha:lron~. For +xanlple, if the muon production is due to a primary which interacts

strcm~ly, then the Ieding hndronic secc)ndnry ~hou]d reach the ground, To study this

possihilitv nncl th~ detect ~hility of hadrons in the presence of m air-show~r, it is nssunlecl

th~t the prilnary int~r~rts exactly like n proton, Figlwe 4 shows the fraction of showers

which still contain a hadron M n function of primnry energy. A simple technique has been

developed which is bMed on the expectation that a high-energy hndron remnining in th~

air-shower N it strikes the groluld will cnuse a shower in the w~ter; the hadron will rl~po~it

mcme ●nergy th~n normally expected m(l cm t hen be d~tected M n lord “hot spot” ~t t he

shower core, For showero Imding on (;R AN DE, the probability of identifying the hadron

in the shower i~ alsG shown in the figure Th!ls, M expected, GRANDE will *.ct as s silill)le

hm-honic cdorinl~ter and will be nhle to search for hadrons acconlpnnyin~ the IIIU,)IIS ill
tir-shovwrs providing mn illlp(~rtrmt cl~i~ M to the nntllr~ of the pri[llnry [Jartirl~,

“1’$e s~cnn,l Inyer which cnllipt,~e- the ASA I)t]rtion [~f (; RANDE lies 20 Ill l~el~~w111P
~llrfnce of th~ wnt~r ~nd is lis~d tn (Ietert lilllr)ns It hns t)~~n trmiitionslly ttl{,llq]l{
thmt ll~(lt~ns wo~ilfl provide n disrrllnlnnti(~n fmt(~r b~tw~en alrqhnwers in~iuced l~v ~ r~v

ljrilllnrles ~11{1hm!ronic l)rilll~ries. [f this is th~ cnw, then the cnpmhilitim (If (i RANl)K

fc~r rejectitlg hnrlr~)llic t)nckgrnllnd is tlnl~r~cpfle[lte(l For •xnlllpl~, for prilllary ~llergie~ ‘

100”‘I’eV, the re,j~rt ion fnctf~r ff~r h~tlr(~nlc l)rllll~rlc~ 1~mt l~kst 10,0[)() with u(1 ]I~~sof ?-rnv
~v?nts. [Ilqtpn(l,if n ~~~~lrr~sllctl RS ll~rr~llrs X I IS known I,() II FLVP ~v~llt~ ~;fli RIIOIIIRI(I IIS

II IU(JII c{}ntellt, Ill{)se lll~l{)ns ran I)F <tll(li~[l III grent fl?tnil: lheir nllllll)~r [Iistril>uti(jll r~li
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Figure 5: Schem~tic of downward- (cosmic ray) and upward-qoing (neutrino induc~d)

muons pwming through the neutrino portion of GRANDE. An she}-n, the downward-going

muon illuminates very few PMTs while the upward-going one illuminate 1 many; the dif-
ference in timing pattern between the two is also ueeful in determining up from down.

be accurately determined and their lateral d.iatributimt can be studied.

From thie it can be concluded that the capabihties of the water-~ erenkcw technique

applied EMan tir-shower a.rrny yields m’}erior performance over traditional ocintillator

baaed wrays. The design of GRANDE g;vem an angular resolution for a variety of event
types of ~0.3° The capability of GRANDE for reconstructing air shower directions is

about a factor of 3 better th~ any existing array (giving nearly 10 times better signal

to noise) and about a factor of 2 better than my other planned mr~y. In addition, the

capabilities of GRANDE for detecting and studyi];g the hadronic and muonic components

of air-showers from VHE-U HE sources are unmatched In any other detector, either phmned

or proposed,

The neutrino portion of GRANDE is composed of three layers of downward fncing

PMTs. Figure 5 iiluotratea the principle allowing operation of TNT at the earths surface.

A muon resulting from a neutrino interaction in the rock below the detector penetrates

the bottom l~yer, producing a multi-tube coincidence, The muon continues through the

second and third layers at later times. A neutrino event is signaled by observing the

coincident sequence of three plane triggers. A vnriety of procesms (for example, light

scattering) tiow a downwind-going muon to occasionally produce PhfT hits on the TNT
portion of GRANDE, Detailed sinlulmtions of the downward going muon flux, including

correlated muons in large showers, r~sulted in a trigger rate using this fimple schen~e of

mbout 60 sec -1. Lf we require the individual PMTs to have more than a few photoelectrons,
we subetantinlly reduce thin rate since a downwmrd Illuon umually produces only about 1

photoelectron in ●ach PMT while m upwmrd one pmducee several, Since moat of the

background ●v~nts thmt trigg~r ‘rNT nre due to h.rge showms of muono cnused by V}Ill

rosntic rmyn, thwe events will dtiitiondly have triggered and been recorded by the ASA.

[n this wny, the ASA functions no an nrtive veto for the TN’r portion

lnost of the events thnt trigger the ‘~N’r are {~finterernt to the A3A

6
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Figure 6: Integral frnction of muons within an angle 8 of the initial neutrino direction for

two hypothetical differential power law source spectral indices; y = 2.3 (solid line) and

Y = 30 (dashed line).

Of course, there is art u.nreducible background to astrophy~icd neutrino sources due

to neutrinos produced in the atmosphere caused by the decay of secondaries in cosmic

ray showers. This background is esoentmlly iootropic with respect to any so~-ce and

therefore is discriminated agtinst by having good angulru resolution. There is, however,

an inherent minimum resolution caused by both the angular deviation in the neutrino

interaction and the muon scattering in the rock on the way to the detector. Figure 6

shows the distribution of the angle between the original neutri.no direction and the muon
u’s direction when the muon strikes the detector; the integral distribution in shown for

two hypothetical differential power law source spectra with epectrd index 2,3 and 3.0.

From this figure, it can be concluded that a determination of the muon direction with a

precision much better thmn 1° is unneceemry.

‘Ihe design of the TNT portion of GRANDE WM made with thin in mind; the goal wan

n design that would give a muon angular resolution of better than 1° . The Ilnal result in

an ~verage re~olution of 0.8° This resolution is nearly independent of the senith angle

and the entry point on the bottom plane of the detector.

The irreducible atmospheric rwutrino background in GRANDE is calculated aasurning

m initial muon neutrino and mntineutrino spectrum and the standmd parton mo{iel of
neutrino scattering. The resultant muom are propagated through the rock surrmu-ic!~ng

the detector including all of the relevant energy Iosrr mechanism and multiple CouloIIIh

scattering. A total of one year of live time waa simulated yielding 4750 ●vents ( 13 per

day) frulll ntmonpheric neutrinoe. As an emunple, a 3“ cut around the direction of Vela

X-l wmdd yield R kmckground r~te of 56 events per year.

[n fact, given the right circumstances, the “irreducible” ntmosphetic neutrinG back-

grmtrttl

spheric

is not really irreducible. It

neutrino Imckground tends

haa hem clerw for n long time that, since the atmo-
to h~ve R Illuch softer epectrunl than thnt expected

7



from a neutrino source, the signal-to-noise ratio incremes with increasing neutrino energ’:.

Thus, it would be beneficial to be able to identify relatively high-energy neutrino inter-
actions. Further, isolation of a subset of the total atmospheric neutrino flux due to very

high energy neutrinos would allow study of the weak interaction at high energies.

GRANDE will be able to isolate high-energy muons using the increase in ~erenkov

light output because of the rapid rise in muon energy 10IS due to brems~trahlung and pair

production at E - 1 TeV. To exrunine the energy discrimination of the detector, muons

of varying energies ( 100 GeV - 10 TeV) entering GRANDE were simulated. A simple

cut on the observed number of photoelectrons in a neutrino event will allow separation of

those due to VHE v interactions. For example, a cut requiring Npe > 200 removes about

97% of the atmospheric background while leaving about 50% of the signal. From this it
can be men that GRANDE is capable of achieving a high “threshold, ” long claimed to

be a necessity in senrching for astrophysical neutrinos, without sacrificing lawer energy

neutrino events,

Another intreaguinF possible ~ource of high-energy neutrinoe is the mn. The existence

of a particle known aa a WIMP (Weakly Interacting Maasive Particle) watt postulated to

help explain the “miming matter” or “dark matter” that must exist in our gaky. This

particle is thought to be one of a variety of new particles speculated to exist but not
yet observed. Given the right ●lMtic scattering cross section, they may interact with the

sun, become gravitationally bound, and accumll ‘~te near the solar core. Lf these WIMPS
are elementary, they must have been produced in the early universe in equal abundances

of particle and antiparticle; particle-antiparticle annihilation in the sun would produce

lepton pairs which then could produce neutrinos. The sensitivity of GRANDE to this

process has been calculated in detail, including fragmentation effects and effects of the

solar interior. [3] Since the branching ratio of WIMP annih.htion ie model dependent, the

semitivity is taken to be the annihilation rate divided by the fix.ml state branching rntio

aseunting ench tinal state is responsible for 10 events per year in GRANDE; the results

are shown in Figure 7. The atmospheric background is expected to be about 4 events

per ye~r. A simple lno4el[4] which ansumes the WIMP to be a supersymmetric photino

yields an annihil~tion rate of 5 x 10 Y0flu36/A4 where Q in the relic WIMP density relative

to closure density and u3e is the WIMP-nuclec.~ elastic ~cattering cross section in units of

10-wcm2 and M is the WIMP mass in rm.its of 100 GeV. Clearly, GRANDE wiU provide

excellent sensitivity for such processes in the sun.

Lrr conclusion, in evaluating the capabilities of a water ~erenkov detector such as

GRANDE, we have demonstrated several important points:

1. Neutrino Mtronomy is femihle at the earth’s surface-it is unnecessary to go underg-

round or underwater.

2. The w~ter (’erenkov techniqll~ h~a ●xcellent prospectn mnd is perhaps the first new

technique for gamma- ray astronomy in decades.

3. GRANLIE can be built in just a few years-there are no new techniques or technologies
required,

The sise of GRANDE is the next reasonable ~tep up for neutrino deter tion from clmcnt

lindergrourld detectors and is large enough to be very sensitive for gamma-ray stuclics.

(conversely, bec~use of the low fluxes expected from these ?s.~-ren, neutrino astronomy,

M weil M gwluna-ray aatronolily, requir~s such m large mice dstectflr. Detection of amtro-
I]hysical mmrcen of gmluna-raye md neutrinoe w-ill provide unique inforll~ation potenriallv
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Figure 7:
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allowing us to understand the nature of the sonrces M weU M the nature of gamma-rays
and neutrinos themselves.
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